The general aim of this work is to measure brain potassium (K) levels as a marker of intracellular water content and to test the hypothesis of whether edema in multiple sclerosis (MS) is associated with increased intracellular brain water. For that purpose, a system to measure K in brain is being developed. Our specific aim is to assess the potential contribution to the K photopeak from cranial K located outside the brain. For this, a simplified spherical phantom to represent the brain, a square box to represent the cranium, and a K point source to assess the contributions due to K outside the brain were used. It is estimated that only about 1-2% of the K photopeak might be attributable to K outside the brain.
Introduction
Multiple sclerosis (MS) is a major acquired neuralgic disease of young adults and involves CNS edema and inflammation as the earliest detectable changes within the brain. Recent studies suggest that MS brain regions with the highest water content are at an increased risk for future MS lesion development [1] . Although CNS edema is known to occur in MS and reflects new disease activity, the proportion of intracellular to extracellular edema is entirely unknown. The determination of this ratio would provide new insight into the MS disease processes. Brain parenchyma has three obvious spaces: a vascular space (blood vessels), an interstitial space, and an intracellular space. About 80% by weight of the normal brain is water, of which only about 20% is extracellular. The most abundant aqua cations in the brain are sodium and potassium, which are distributed asymmetrically across the cell membrane; sodium is excluded from the intracellular spaces, whereas potassium (K) is concentrated. When cerebral edema occurs, it is very difficult to assess the proportions of extracellular (vasogenic) and intracellular (cytotoxic) edema. It is hypothesized that, in the case of intracellular edema, increased intracellular water content should result in a corresponding increase in the brain K in order to maintain cell membrane potential. The total brain volume can be determined using MRI; however, since K is found within the cell, a normalized change in K signal intensity might be indicative of an increase in intracellular water, thus indicating cytotoxic edema. This working hypothesis assumes that there are no changes in the dynamic K equilibrium in the brain.
Since conventional neuroimaging methods cannot assess intracellular water, an approach used in whole body composition studies [2, 3] was adapted for this purpose. In this method changes in the total body potassium (TBK) were very successfully related to the whole body cell mass (BCM). Furthermore, K, being about 97% intracellular, is recognized as the best estimate of BCM [3] . In contrast, the determination of the serum K levels in blood samples has been shown to be an unreliable index of the changes in the TBK concentration [4] .
In this short report, we present the initial estimate of the contribution of the intracranial K located outside the brain to the measured K photopeak.
Methods
The approach to measure K is based on the measurement of the natural radioactive 40 K, which because of its long half-life of 1.28x10 9 years is in equilibrium at a 0.012% level with the stable isotopes of K [5] . Furthermore, a person of standard 70-kg mass contains about 140 g of K in the entire body, of which the brain contains about 4.2 g and 3.7 g is located in the cerebrum [6] . Thus, measurement of the 1.46 MeV gamma ray from 40 K provides the direct measure of the amount of K in the inspected volume. The branching ratio of the 1.46 MeV gamma ray is 10.7% per disintegration. A K spectrum measured with a 3"x3" NaI detector from a brain water phantom is shown in Fig. 1 .
The contribution of the K located outside the brain was assessed using a spherical water phantom (WP) 14 cm in diameter with a volume of 1437 cc, which is similar to that of a human brain, 1,400 cc. A second WP 24 cm in diameter and volume of 7,238 cc was used to simulate larger distances from the brain. Two WPs were filled with distilled water and one small WP was filled with a KCl solution containing 10 g K. A K point source was placed at various points on the circumferences of the WP and measurements were taken in air and with WP in place. In addition, using a K point source, measurements were taken inside a large water bath placed adjacent to the detector.
Results
Initially a calibration line was determined using small WP with various K concentrations. The resulting sensitivity and the minimum detection limit (MDL), defined as three standard deviations of the background, for the current system and 1-h measurement are 60 counts/gK per hour and 0.6 gK, respectively. The projected values for a clinical system using four detectors, two 3"x3" and two 3"x5", are 600 counts/gK per hour and 0.2 gK, respectively.
The ratio, 0.49, in the net K counts from a point source placed behind a small WP to that from the same place without a WP was in a close agreement with the calculated attenuation of 0.48, using a water linear attenuation coefficient of 0.0574cm 2 per gram at 1.5 MeV.
The total K content in the cranium from the skin, muscle, and the skeleton, excluding the brain, is about 1.9 g. It was also determined that a point source with the same activity as a WP filled with 10 g KCl solution and placed at the back of small WP filled with distilled water yields only 23% of the counts. However, such a high concentration of K in one point is highly unrealistic. Since 1.9 g K is estimated to be in a total mass of 1420 g, diluting by a factor of 100 shows the contribution to the K photopeak outside of the brain to yield less than 1%.
Discussion
Measurement of K in the brain may offer new insights into the pathophysiology of MS. Since K is found almost entirely (97%) within the cell, it provides the best estimate of the S74 L. Wielopolski et al.: Some aspects of measuring levels of potassium in the brain Fig. 1 Typical potassium spectrum with a single K peak. Potassium spectrum basically contains one photopeak; other peaks belong to the background BCM, defined as BCM(g)=8.33xTBK(mEq) [3] . Although this relationship was derived for whole body, isolating the brain K component (about 4 g out of the whole body of 140 g) provides information on brain cell mass. Combined with a measurement of intracranial water, this technique would allow one to test the hypothesis of whether cytotoxic edema (reflecting cell injury) is a component of the CNS injury process in MS patients. Variations in the K content in the white matter of MS patients have been documented postmortem [7] . From these and previous measurements, it is apparent that these experiments demonstrate the feasibility of measuring K levels typically encountered in an adult brain at the level of about 4 g. It was also pointed out that, with a clinical system using four detectors, there would be an improvement in the signal by about a factor of 10. Accounting for the six muscles in the head region above the quadratus labii muscle, the skin, and the bone, the total K outside the brain is about 1.9 g. Thus, a conservative estimate of the contribution of the outside K to the photopeak counts is about (1.9/4.2/100x0.23) or less than 1%. It is estimated that the use of additional detectors and a proper shielding design, the K contribution from outside the brain will be reduced to below 2% of the total K contribution.
It was pointed out that an improved system with more detectors, covering the head area would improve the detection efficiency resulting in an increased number of counts in the K photopeak. This improvement in the counting statistics can be further augmented by reducing the error propagation during the analysis using the Library Least-Squares method [8] .
In short, this communication reports the feasibility of measuring K in brain and estimates the possible contribution to the photopeak from K outside the brain to be about 1% or less.
